for amplitudes and phases of six constituents. When comparing these data to models we make the assumption that, beyond some flexural boundary layer, the shelf ice is floating freely on the ocean surface. This is a reasonable assumption for sites more than a few kilometres seaward of the grounding line (Rignot et al. 2000) .
Ice shelf surface height variability is also measured with Interferometric Synthetic Aperture Radar (InSAR). With sufficient InSAR imagery for a single region, several tidal constituents could be derived from the data (Rignot et al. 2000, appendix B) . In practice, however, the limited number of available SAR interferograms at this time precludes this approach. For the present study, InSAR data were used to estimate the change in ice shelf surface height δh between time-separated satellite passes, to provide a small independent data set for comparing the relative skill of the various tide models considered herein. A total of six independent values of δh were obtained at three locations ( Fig. 1) , with 24 days separating the two SAR scenes in each InSAR pair. These measurements were obtained by examining profiles of the interferometric phase across grounding lines. After removing the effect of topography, the phase is proportional to displacement in the radar-lineof-sight from one pass to the next. The profiles were chosen in areas where there was little horizontal motion (e.g. relatively stagnant ice in sheltered embayments) or there was a smooth regular gradient in velocity that could easily be detrended. Areas such as across shear margins where there was a horizontal motion that could be easily confused with tidal displacement were avoided. At each location, at least three profiles were selected that exhibited a clear and consistent displacement signal across the flexure zone. The differences in phase from the firmly grounded ice relative to the floating ice were then converted to relative vertical displacements. The largest source of error is due to incorrect mapping of horizontal displacements into vertical 32 LAURENCE PADMAN et al. Table I ). Solid squares show the three locations where six independent estimates of height change (δh) were obtained from SAR interferograms. Solid circles indicate locations of currents meters used in this study (see Table II ). Table I . Location of tide height data on the Ross Ice Shelf (RIS), after Williams & Robinson (1980 displacements. We limited analyses to regions where these errors were less than ~10 cm.
Velocity
Current meter moorings have been deployed in the Ross Sea for several projects, starting with PRISM in the early 1980s (Pillsbury & Jacobs 1985) . Several current meter records (Fig.1 , Table II ) were selected to help validate our numerical models, focusing on meters that were well above the seabed and well below the surface layer. Tidal analysis of each of these records was performed using a Matlab™ tidal analysis software package that was kindly provided by R. Pawlowicz. This software (Pawlowicz et al. 2002 ) is a version of the Foreman (1977 Foreman ( , 1978 FORTRAN-based tidal analysis package.
Tidal models
The discussion of modelling methods here is restricted to the essential features required to interpret the model results.
We use "forward" (dynamical) and "inverse" (data assimilation) models, as described below.
Forward model
The two forward models are recent versions of CATS, which solves the depth-integrated shallow water equations as presented by Robertson et al. (1998) . The CATS domain is the entire ocean south of 58°S including the ocean cavity under the ice shelves. The grid spacing is 1/4° x 1/12°, which gives ~10 km resolution near the Antarctic coast. The two models differ in their parameterization of bottom friction -CATS01.02 uses a standard quadratic representation while CATS02.01 uses linear friction. Quadratic friction is usually regarded as more realistic; however, the linear friction model performs significantly better in comparisons with both height and current data from the Ross Sea. Both models are forced by known astronomical forcing and specified elevation along the open ocean northern boundary at 58°S. This boundary condition is obtained from the quasi-global tidal model, TPXO.5, which is an updated version of the TPXO.3 model reported by Egbert (1997) . The TPXO.5 model is constrained by assimilation of TOPEX/Poseidon (T/P) radar altimetry data. Ten tidal harmonics are modelled (see Table III ). Predictions are made from this set of harmonics by introducing additional harmonics that modulate the tidal energy through the course of the ~18.6 year period of lunar nodal variation (Foreman 1977 (Foreman , 1978 .
Inverse model
The inverse model is a standard application of the Oregon State University Tidal Inversion Software, "OTIS" (Egbert & Erofeeva 2002) . Assimilation models simultaneously honour both the assimilated data and a set of dynamical equations, with optimization specified in some least squares sense. One can regard the process as objectively "nudging" a dynamical solution into satisfactory agreement with the data, or using dynamics to interpolate and extrapolate databased fields to the entire model domain. The mathematical details of data assimilation for tidal models are beyond the scope of the present paper, and the interested reader should see Egbert & Erofeeva (2002) and other references cited therein.
The domain for an assimilation model of the Ross Sea is 63°-86°S and 150°E to 140°W. Assimilated data consists of T/P radar altimetry north of ~66°S and the 10 tide gauge and gravimeter sites on the RIS (Fig. 1 , Table I ). In theory, current meter data can also be assimilated, which would greatly improve the distribution of sites over the open Ross Sea (see Fig. 1 ). In practice, however, the weak semidiurnal currents preclude an acceptable solution in that tidal band, while the diurnal currents are dominated by topographically trapped vorticity waves (TVWs). The TVWs are sensitive to background factors such as stratification and mean flow along the shelf break (Middleton et al. 1987) , and so are not well described by tide-only, depth-integrated barotropic models.
Two factors concerning the application of OTIS to this Ross Sea model are worthy of brief mention here. First, we note that the data constraint is strongest in the region north of ~66°S covered by T/P altimetry. In order to allow the least squares solution to be biased towards the 10 RIS tide gauges while still attempting to fit the T/P data, a priori errors for the T/P data are assumed to be larger (3-11 cm) than those for the RIS tide gauges (0.5 cm). To account for errors in dynamical equations, the local model data misfit is scaled by the inverse of the prior error covariance map, which in turn depends on the amplitude of the tides in the prior model solution. Since the largest tidal amplitudes are found in the southern Ross Sea, the largest errors in the dynamical equations are assumed there. The combination of assumed low error in data and large error in dynamics biases the fit for the RIS towards data. Second, we use a 200 km Table III . Periods of the ten tidal harmonics included in the CATS forward models, and critical latitude (ψ crit ) for semidiurnal tides. Only M 2 , S 2 , N 2 , K 1 , O 1 and P 1 are included explicitly in the data assimilation. For the inverse models, K 2 , Q 1 , M f and M m are taken from CATS02.01.
Period ( interior decorrelation length scale in order to maintain smoothness of the inverse solution with respect to the assimilated tidal height records from the RIS. This value is chosen in OTIS depending on the resolution of the model domain, and the 200 km value corresponds to about 20 grid cells in each direction. Note that, since Williams & Robinson (1980) and M84 tabulated the amplitude and phase coefficients for only six tidal harmonics, only these tides are included in the data assimilation model. For the remaining four tidal harmonics we use the fields from the optimum forward model CATS02.01. The designations for the present set of Ross Sea assimilation models are {RS02.01_σ ε : σ ε =0.1, 0.3, 1.0, 3.0}, where σ ε is the "damping" parameter and σ ε =1 implies that our a priori estimates of dynamical and data errors were correct. Changing this parameter in a range around unity allows us to test these error assumptions. In general we choose σ ε such that data have the necessary effect on constraining the SSH solutions, but without introducing unrealistic spatial structure in either the velocity fields or the dynamic residual (the numerical "forcing" required to nudge the prior model to the final inverse solution). For the present study, σ ε =0.1 and 0.3 are both acceptable models.
The model bathymetric grid
The bathymetric grid is based on ETOPO-5 (National Geophysical Data Center, 1986) , but significantly updated as described in Padman et al. (2002) . Additional modifications have been made to the Filchner and Ronne ice shelves following analyses of ERS radar altimetry . For the open Ross Sea, we obtained data from the National Geophysical Data Center and, after quality control, regridded and interpolated these data to the CATS grid. The resultant map of water depth for the open water section of the Ross Sea is very similar to that presented by Brancolini et al. (1995) . For the ocean cavities under the RIS (and other major ice shelves), water depth is replaced with water column thickness. For simplicity, we refer to this value as "depth" for the remainder of this paper. The depth values for the RIS were kindly provided by D. Holland (personal communication 1999) based on the measurements by Greishar & Bentley (1980) . The RIS cavity geometry has been further updated by changing the grounding line to match the 1993 SCAR coastline (Scientific Committee for Antarctic Research 1993) . For CATS02.01 and the inverse model, additional modifications have been made along the Siple Coast grounding line following Gray et al. (2002) .
Model evaluation

Tide heights
The principal test of performance is the model fit to the measured tidal complex amplitudes (generally expressed as amplitude and Greenwich phase lag) for the 10 tidal measurement sites on the RIS (Table I) . Table IV summarizes these results for the M84 model, CATS01.02 (quadratic friction), CATS02.01 (linear friction), and the set of data assimilation models {RS02.01_σ ε : σ ε = 0.1, 0.3, 1.0, and 3.0}. As a measure of goodness of fit for each tidal harmonic for each model, we use the root-mean-square (RMS) difference between the modelled and observed sine wave for the specified harmonic frequency. This measure thus takes into account both amplitude and phase differences. The improvement from M84 to CATS01.02 is quite small, with the notable exception of M 2 . It is difficult to understand the anomalous improvement in M 2 and we hypothesize that there may have been numerical reasons, possibly related to the presence of the M 2 critical latitude (~74.5°S) in the model domain, why the M84 model performed so poorly at predicting this harmonic.
The linear friction model, CATS02.01, performs better than CATS01.02 with quadratic friction. Linear-friction models dissipate a greater fraction of the total tidal energy loss in deep water where the currents are relatively small. For the linear drag coefficient that was used (R = 0.003), CATS02.01 also predicts more total dissipation within the model domain than CATS01.02 does. This result hints that the standard dynamical model (CATS01.02) may miss significant tidal energy loss terms such as baroclinic tide generation, interactions between the ocean and both sea ice and ice shelves, and scattering and other dissipative processes associated with energetic diurnal TVWs along the shelf break.
Inverse models assimilate the 10 ice shelf tide records in the model solution; therefore the comparison between these models and data in Table IV is not a true test of model skill. Instead, the tests indicate the level of fit that can be achieved with a specific choice of σ ε . As expected, the most strongly data-constrained model, RS02.01_0.1, has the lowest RMS errors. At the other end of this scale, RS02.01_3.0 does not improve the fit for M 2 and S 2 relative to the CATS models, although K 1 and O 1 are improved. From other considerations, we consider RS02.01_0.1 to be the optimum inverse model for this region.
Harmonic amplitude and phase values for the 10 RIS tidal records are listed in Table V , along with the corresponding values from CATS01.02, CATS02.01, and RS02.01_0.1. Some differences between data and models may be due to errors in the harmonics derived from the tidal records: with the exception of McMurdo, all records are < 2 months duration and of uncertain quality (the original gravimetry data are not available to us for reanalysis). The M 2 and O 1 tides are reasonably well represented by the forward models throughout the RIS cavity, although both models routinely over predict O 1 amplitude on the eastern side of the RIS. Forward-model errors in S 2 are also largest in this region. The improvement from CATS01.02 to CATS02.01 at the southernmost station F9 is largely due to the revision of the grounding line following Gray et al. (2002) . We note, however, that S 2 amplitude is too high at LAS, where the tidal energy first enters the RIS cavity, and at the highquality McMurdo station, also near the ice front. This result suggests that too much S 2 energy is present even north of the ice front, which in turn may indicate errors in the T/Pbased open boundary conditions at 58°S. It is possible that uncorrected radiational tides (ocean response to air pressure variations) in the T/P data contaminate the boundary conditions for our models. The modelled K 1 tide is routinely higher than the measured values, including at the LAS and McMurdo ice front stations. The most likely cause of diurnal-band errors in our forward models is the contribution of TVWs to the total tidal energy flux: mistakes in the production and dissipation rates of diurnal energy along the continental shelf break will affect tidal predictions everywhere that this energy propagates.
The variability of tide heights throughout the Ross Sea is shown by the standard deviation of the tide height obtained from the inverse model RS02.01_0.1 (Fig. 2a) . This value, denoted σ ζ (x, y), is given by where a i is the amplitude of the i'th tidal harmonic. Since RS02.01_0.1 only produces inverse solutions for the six most energetic tidal harmonics, the other four (see Table III ) are taken from CATS02.01. The value of σ ζ ranges from < 0.3 m along the Victoria Land coast to > 0.8 m along the Shirase and Siple coasts. The maximum tide height magnitude is typically 2-2.5 times σ ζ , and maximum spring tidal range is ~4σ ζ , so daily changes of >3 m are possible along the Siple Coast.
As an independent test of the performance of RS02.01_0.1 relative to the forward models, Table I , roughly clockwise around the perimeter of the RIS from the eastern end of the ice front (LAS) to the western end (McMurdo). For each station we show measured amplitude (a, cm), difference between modelled and measured amplitude (∆a, cm), measured phase (p, °), and difference between modelled and measured phase (∆p, °). The root-mean-square (RMS) errors (cm) in the last line take into account both amplitude and phase differences. respectively. A major potential source of error arises from the inverse barometer effect (IBE: Rignot et al. 2000) . The IBE is a depression of ocean and freely floating ice surface elevation of ~1 cm for each 1 millibar increase in atmospheric pressure. We do not have the atmospheric pressure data necessary to make this correction to tide predictions of δh. A typical expression of the IBE in δh from SAR interferometry is, however, ~10-20 cm (Rignot et al. 2000) : thus, values of the mean absolute error less thañ 20 cm can be regarded as being as accurate as possible when the IBE correction cannot be made. Both CATS02.01 and RS02.01_0.1 are close to this limit. As a cautionary comment, we note that modelling sensitivity studies (not shown here) demonstrate that tide heights under the RIS are very sensitive to uncertainties in water column thickness and grounding line location. The Siple Coast side of the RIS is known to have shallow water column thicknesses compared with the deeper western side. Thus, relatively minor changes in the thickness of ice discharged from the Siple Coast ice streams to the RIS may have significantly altered the cavity geometry, and thus also the tides, between the epochs of gravimeter data collection in the 1970s and the more recent acquisition of InSAR data. That is, a tidal model constrained to this set of gravimeter data may not be the optimum model for comparison with δh from InSAR measurements obtained during the more recent epoch.
Tidal currents
Predicting tidal currents is much more difficult than predicting SSH. In the Antarctic, two factors that contribute to this difficulty are the presence of diurnal TVWs along the shelf break, and the anomalous behavior of currents near a tidal constituent's critical latitude. We discuss diurnal TVWs in more detail in the following paragraphs. The critical latitude for tidal constituent 'X', ψ crit (X), is the latitude at which the tidal frequency ω(X) equals the Coriolis frequency, f. The values for M 2 and S 2 are ~74.47°a nd ~85.76°, respectively (see Table III ). The vertical structure of tidal currents near ψ crit can become quite complex (Robertson et al. 2001 , Robertson 2001a , 2001b , Makinson 2002 ), making it difficult to compare currents from depth-averaged models with measured currents at specific depths. In the Ross Sea, however, semidiurnal tides are generally weak.
The strongest tidal currents so far recorded in the Ross Sea were measured on the continental shelf near the shelf break east of Cape Adare in the north-west Ross Sea (J Mooring C, Jaeger et al. 1996, see Table II ). Currents at this site frequently exceed 40 cm s -1 at spring tide, with the energy being associated primarily with K 1 and O 1 diurnal TVWs. The model that most accurately represents the current speed distribution at this mooring is CATS02.01, the forward model with linear friction. The inverse model RS02.01_0.1 performs less well than CATS02.01 here because there are no assimilated height data in this region, which is well south of the T/P orbit and well north of the ice shelf gravimetry records. However, even CATS02.01 performs poorly at predicting the phase of tidal currents along the shelf break. Diurnal TVWs are sensitive to smallscale bathymetric variability, stratification, and mean flow, and so are poorly represented in depth-integrated, tide-only models with significant uncertainties in the bathymetry (Robertson et al. 1998 , Padman & Kottmeier 2000 . Increased model sophistication and, in particular, more detailed bathymetry data, will be required to improve predictions of tidal velocity at a specified place and time.
For many oceanic applications, however, it is sufficient to adequately predict the typical magnitude of tidal currents without worrying about phase. The time-averaged mean modelled current speed,
where angle brackets denote time averaging at a grid node at location (x, y), is a useful guide to spatial distribution of tidal currents. For each node we calculate U as the average of 180 days of modelled currents. The dominant feature of U(x, y) in CATS02.01 is the ridge of U > 20 cm s -1 along the north-western shelf break (Fig. 2b) . Peak values of U exceed 70 cm s -1
. The maximum modelled current speed at each location is typically 2-3 times greater than U, suggesting that spring tidal currents may exceed 1.5 m s -1 along some sections of the shelf break. Over the continental shelf, U occasionally exceeds 20 cm s -1 over the main banks (Crary, Mawson, Pennell, and Ross) of the north-western Ross Sea. The tidal currents in these areas are mainly due to with the predicted values (δh pred ) of three tidal models, CATS01.02 ( ), CATS02.01 ( ), and RS02.01_0.1 (t).
diurnal TVW energy that has leaked southward from the shelf break along the edges of the banks. One corollary to this view of tidal kinetic energy flux is that tidal currents over the central continental shelf are not easily predicted: the phases of the diurnal TVWs along the banks will depend on the phases of the TVWs along the shelf break, and the latter are sensitive to stratification changes (Cummins et al. 2000) and mean flow variability (Foldvik et al. 1990 ) at the shelf break and upper continental slope. It is possible that significant features of the density structure, such as the overflowing plumes of dense High Salinity Shelf Water (Whitworth et al. 1998) and seasonally varying upper ocean stratification, change energy level and phase of TVWs at the shelf-break, and so ultimately also modify mid-shelf currents. Significant semidiurnal energy is frequently seen in ice drift and upper ocean ADCP records, but is due to wind forcing of near-inertial oscillations rather than tides. Over the continental shelf and slope north of the RIS front, modelled annual averaged thermohaline and windforced currents in both the surface and deep layers are typically 2-8 cm s -1 (Assmann et al. 2003, fig. 3 ). The strongest currents are along the shelf break and slope of the north-west Ross Sea, where tidal currents are also strong, and along the RIS front. In most areas, the mean tidal current is much larger than the mean non-tidal flow, indicating that the tidal contribution to benthic stirring and the associated increased in the effective benthic friction coefficient (Robertson et al. 1998) , and dynamic effects on the sea ice (Padman & Kottmeier 2000) , will be significant.
Mean tidal currents under the RIS are generally less than 10 cm s -1 , with the exception of some regions of very shallow water along the Siple Coast. In comparison, mean currents under the Filchner-Ronne Ice Shelf in the southern Weddell Sea can exceed 50 cm s -1 near the Ronne Ice Front (Robertson et al. 1998, plate 3b) . The fundamental differences between the tides in the Weddell and Ross Seas are that global ocean semidiurnal tides are much stronger near the Weddell than near the Ross Sea, and both basin geometries are more favourable to resonance of the semidiurnal than of the diurnal tides. Even though the currents under the RIS are relatively weak, tides are still the largest single source of kinetic energy and turbulence there since the cavity is insulated from direct surface forcing (M84). Typical mean flows associated with thermohaline forcing within the RIS cavity are only ~1 cm s -1 (Holland et al. 2003, fig. 8 ).
Significant errors within the numerical models are best identified through comparisons of modelled and measured amplitude and phase for specific harmonics rather than through statistical quantities such as U(x, y). We noted above that, for a variety of reasons, phase for diurnal current components is difficult to model. However, our ability to predict U reasonably well at J Mooring C suggests that the major axes of current ellipses might be more easily predictable. Since the diurnal K 1 harmonic is the most energetic tide in the Ross Sea, we compare the major axis of the K 1 tidal ellipse (U maj (K 1 )) at the current meter locations shown in Fig. 1 with predictions from CATS02.01 (Fig. 4) . The mean absolute error for this comparison is ~1.4 cm s -1 , and a similar result is found for O 1 . The largest values of U maj (K 1 ) and U maj (O 1 ) are found at the previously discussed J Mooring C (Table II) . These values are slightly overestimated by CATS02.01. The largest errors in U maj (K 1 ) and U maj (O 1 ) occur for the current meter located between Mawson and Pennell banks in the north-western Ross Sea (site AESOPS 06, see Table II . We do not understand this discrepancy at present, but suspect that it indicates a more rapid attenuation of the diurnal TVWs than is accounted for in CATS02.01, or destructive interference of TVWs following multiple paths around the bank/trough structures including the nearby "promontory" formed by Iselin Bank. Phase errors associated with ignoring TVW response to stratification and mean flow in our models may shift the modelled regions of constructive and destructive interference relative to their true locations. No attempt is made here to validate the models' performance with respect to tidal current phase, for reasons that have been discussed above.
With the exception of J Mooring C, U maj (M 2 ) and U maj (S 2 ) never exceed ~1.5 cm s at J Mooring C is ~7 cm s -1 , but this large value is not seen in any of our models. We hypothesize that this value arises through critical latitude effects as the barotropic M 2 tide flows over the nearby continental slope (Robertson et al. 2003) .
Discussion and conclusion
We can now predict variability of ice shelf surface height with an RMS accuracy of ~10-20 cm using the new tidal models discussed in this paper. Taking the M84 model as the previous benchmark, the most important factors in improved model performance are: SAR-based updating of the RIS grounding line; updated open-ocean boundary conditions using a global model that is consistent with TOPEX/Poseidon radar altimetry; and formal assimilation of gravimeter and tide gauge data from the RIS. We have also shown that the skill of the dynamics-based models can be improved by modifying the dissipation mechanisms for tidal energy, notably the representation of bottom friction. Somewhat surprisingly, linear friction performs much better than quadratic friction. Further significant improvements will require new height data, which may be obtained from gravimeters or GPS units on the ice shelves, tide gauges on the seabed, or satellite altimetry. Of those, altimetry is the most likely to provide sufficient coverage over a wide area in the foreseeable future (see .
In contrast to the satisfactory prediction of tidal heights, we are still not able to make an accurate prediction of the tidal current velocity at a specific location and time, especially near the shelf break. The new models do, however, improve the accuracy of bulk statistical properties such as mean tidal current speed. Very strong currents, sometimes exceeding 1 m s -1 at spring tide, are predicted in a narrow band along the continental shelf break and upper slope of the north-western Ross Sea. Since this is a region where dense shelf water first enters the deep ocean to provide the Ross Sea contribution to Antarctic Bottom Water (Gordon 1975 , Orsi et al. 1999 , understanding the tide's role in mixing the dense water plume with the ambient water is a priority for further research. Tide height data from near the shelf break is required to help constrain the barotropic tidal solution for diurnal harmonics in this region. The Ross Sea shelf break is well south of the T/P orbit and is too frequently covered with sea ice to allow for collection of high-quality satellite altimetry. We therefore advocate the collection of bottom pressure data in any programs operating near the shelf break. We can further improve tidal current prediction through assimilation of current meter data and by baroclinic modelling of the energetic diurnal tides. The latter effort would assess the sensitivity of diurnal TVWs to stratification, mean flow, and the small-scale topographic roughness that is presently inadequately characterized because of the paucity of bathymetric data. Many of these proposed activities will take place within the "AnSlope" (Antarctic Slope) program to be carried out near the north-west Ross Sea shelf break in 2003/04.
Satellite altimetry may offer the best hope for improved tidal models of the Ross Sea. showed that ERS radar altimetry over the Filchner-Ronne Ice Shelf (FRIS) in the Weddell Sea could provide reasonable estimates of tide height fields north of the ERS turning latitude of ~81.5°S. In a future study we will explore a similar application of ERS altimetry to the RIS. Unfortunately, much of the RIS is south of 81.5°S, and the tides under the RIS are smaller than those of the FRIS so that the quality of ERS-derived tides may not improve upon the existing numerical models. However, the Geoscience Laser Altimeter System (GLAS), to be launched on ICESat in late 2002, should provide much more accurate tidal fields over the entire floating portion of the Antarctic ice sheet. At the end of its 3-year intended mission life, it should be possible to derive very accurate tidal height fields for this region.
